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ABSTRACT

| During the sixteen mouth period October 13, 1959 to
February 17, 1961, twentyecme distinct solar cosmic ray
events were cbserved with Explorer VII (earth satellite 1959
Tota) at high latitudes over North /merica and Australia in
the altitude range 550 to 1100 km, A brief tebular sumary is

as follows:

TABLE I
Solar Cosmic Reys Cbserved by Explover VII

Dates of Event Approximate Absolute Peak
Qunidirectional Intensity
of Protons Having E > 30 MeV

Kovember 9, 1959 10 (ex® sec)™t
Noveniber 30we

December 2, 1959 0.3
January 11-1k, 1960 2
March 1820, 1960 0.3
April 1-2, 1960 - 210
April 56, 1960 5
April 28-29, 1960 26%*
April 29-30, 1960 18
May 4-5, 1960 Low*
May 6, 1960 13
May 7-8, 1960 25
May 13-14, 1960 40
May 18, 1960 0.8
May 26, 1960 0.8
June 1-2, 1960 5



TABLE I (continued)

Dated of Fvent Approximate Absolute Peak .
Ommidirectional Intensity
of Protons Having E > 30 MeV

June &4, 1960 1.3

August 12-16, 1960 2
September 3-9, 1960 250
November 12-15, 1960 12,000 to 46,000
November 15-19, 1960 11,000
November 20-26, 1960 1,800

**Drimary peak was missed by Explorer VII,

It is found that the time decay of intensity from its
peak value can be represented by t-s, where t is measured from
the onset of the apparently responsible solar flare and the
value of the exponent s for several cases is as follows:

3.5 for April 28-29; 1,2 for May 4-5; 2.8 for May 13-1lk;
2,6 for September 3-9; 2 for November 12-15; and 3,4 for
November 15-19, 1960,

The latitude dependence of solar cosmic ray intensity at
various longitudes and for both Northern and Southern Hemispheres
has been studied for%of the major events which ylelded
sufficient data for definitive analysis, Such bodies of data
exhibit a chaotic pattern when plotted against traditional

geomagnetic cut offs such as those of Quenby and Webber but
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are systematized in a coherent manner vhen plotted against the
magnetic shell parameter L of McIlwain,.

Iinin’
strongly and systematically depressed during the main phase of

the minimm value attained by 30 MeV protons, 1s

geamagnetic storms, The correlation coefficlent between Ihin
and U is -0,80 and between L ,  and H 1s 40,88, where U is the
Kertz persmeter which gives a measure of the equatorial ring
current and H is the horizontal camponent of the gecmegnetic
field (at Tucson), The cobserved Ly, O 52 during quiet

periods irmplies the existence of a quiescent ring current,
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Part I

DETECTION AND INITENSTIY IPASUREMENT OF
SOIAR COSMIC RAYS WITH EXPYIORED VIT

1, ntroduction.

Tals nert provides a sumnary of solar cosmic ray Intensity
observations et high latitudes over Nowth America end Australia
in the eltitude rance 550 to 1100 Ym during the period October 13,
1659 to February 17, 1981, Deta are derived mainly fram telemetry
receptions at Towa City, Iowa; Oltrma, Cenade; and the NASA
stations at Blossam Polint, Maryland; San Diego, California; and
-Woamera, Australia, The observetions were made with an epparatus
comprising two Geiger-Mueller tubes prepsred in this laboratory
by Indvig and Whelpley /I960] and flom in the I,G,Y.-Camposite
Satellite Explorer VII (1959 Iota) which was develcped by the
U. S. Army Ballistic Missile Agency (now the George C, Mershall
Space Flight Center of the Nationsl Aeronautics and Space
Administration), The successful, long~term operatiocn of this
equipment in orbit bas provided unique, homogeneous set of
observations on solar cosmic rays by the satellite technique
which was first used successfully by Rothwell and McIlwain /195%7.
Satellite observations excel those by other canmonly used
techniques in providing absolute intensities above the
atmosphere; detalled dependence of intensity on latitude; and



hamogeneous quasiecontinuous date for long periods of time with
a single set of instruments,

Teble I provides a brief tabular suumary ocf go]a.r cosmlc
ray events observed by Explorer VII during the observational
period and Table II reviews the properties of the two Celger
tube detectors in the instrument [Van Allen and ILin, 1960/,

No analysis of the solar cosmic ray beam into its camponents
(i.e., protons, alpha particles, heavy nuclei, and electrons)

is provided by this equipment, The presumption of the present
paper that the beam consists predaminantly of protons is based

on the extensive work of other investigators, not detalled herein,

2. Apalysis of CGbeervations,

The method of enalyzing data is similar to that pre-
viously reported /Van Allen and Iin, 19€0/. Since then it has
been found by examination of counting rate data under high
intensity conditions during the November 1960 solar cosmic
ray events and during passages through the inper radiation
zone that the apparent counting rate of the 112 Ceiger-Mueller
tube saturated at a considerably lower value than that found
by Dudwig and Whelpley /I960/ in pre-flight calibration.,

The epparent counting rate of the 302 tube also saturated at
a lower value. Because the 302 tube has a considerably smaller

geametric factor than that of the 112 tube, and becsuse the
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additionel shielding of the 112 tube bhas little effect in
aebsorbing the radiation encountered in the lower edge of the
inner radiation zone near the equator, it was possible to
construct an approximate curve of é,pparent rate vs true rate
~of the 112 tube by using in-flight data,

This curve was then checked and refined by an extended
study of the characteristics of the spare flight unit of
Fxplorer VII apparatus, The paresmeters which influence the
saturation characteristics of the two counting retes are the
temperature, the supply voltage to the amplifiers, pulse
formers, and scalars {mominel value 6,5 v), and separately
the high voltage supply voltage for the tubes (naminal 700 v).
Same sarple results om the spare payloed are es follows:

Saturation Count=

Circult Voltaege High Voltage ing Rate of 112 Tube
(a) 4.05 volts 630 volts 305 counts/sec
(b) 5.35 630 , 385

(¢) 5.20 640 515

(a) 6.00 700 930

Full characteristic curves of epparent vs true counting rate
were yun for each of the above conditions to correspond to

various fiight conditions es shown in Flgure 1.

mhe saturation counting rate of the 112 tube, as observed

during passeges through the inner rediation zome, has been

plotted vs time fram the day of launching of the satellite
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to the end of December 1960 /Tin and Venkatesan, Private
Cammunication, 1962/ .

The time variation of the saturation counting rate is
well correlated with the time variastion of the (independently
telemetered) tenpergtﬁ;‘,es of the transmitter package and the
battery packege in the satellite, The latter quantities are,
~in turn, well correlated with the calculated average exposure
to sunlight, The foregoing three-:fold correlation lends
plausibility to the belief that the observed long-term
variations of saturstion counting rate of the 112 as well as
the diwrnal fluctuations (typlcally scme 60 counts/sec -

.. meximm to minimm fluctuation ebout a mean value of about

300 counts/sec) are ettributable to the camposite effects of
varying temperature and of verying state;of-cInrge of the
chemical batteries which are charged by an array of solar cells,
It should be emphasized that if the apparent counting
rate of the 112 is below 100 counts/sec, the true counting
rate has only a slight dependence on the saturation
characteristics of the system and if it is below 50 counts/sec,
1t hes uo dependence (cf., Figure 1). Thus, most of the data
of the present peper are independent of the foregoing un-
certainties, Only the high ccmxrting rate data of early April,
early September, and mid-November 1;960 have required special

treatment, In these cases a selection emaong the curves of
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Figurelhasbeenmadeonthebesisofcontigumspassesthraxgh
the inner zome near the equator, In same cases, e.8.; the
November events, data from the 302 tube (which had & much
higher saturation level) have been invoked, But most of the
results herein are based on the corrected counting rates of
the 112, Previcusly published absolute intensities foxr the
April 1, 1960 event are corrected in the present paper.
| The best estimates of the solar (and galactic) cosmic
ray intensity are cbtained fram observations during the
portions of the satellite's orbit which are st the highest
geamagnetic latitudes or more precisely at tbe highest values
of the I parameter. (See McIlwaln, 1961, and Van Allen, 1962,
for definiticn and discussion of the L parmmeter.) In this
way counting rates baving the smellest possible contribution
from trapped particles in the outer radiation zone are
cbtained., To obtain the net counting rate due to the
penetrating particles (i.e., cosmic rays, in contrast to

the sof't trapped radistion) the following procedure was used:
(a) A large body of observations of the apparent counting
rates of the 112 tube, N:le’ and of the apparent counting
rate of the 302 tube, N302, vere assembled for qulescent
(non~soler event) conditions and for the highest available
latitudes,

(b) To the extent necessary these data were carrected for

dead time to yleld the respective true rates Hﬁz and 1%‘02
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(Ngo2 =Ny if Nypp < 1000 counts/sec). For data shown in

Figure 2, the dead time corrections were trivial,
s * *
(c) A plot shown in Figure 2 was then made of N}, , vs N}OZ'

From this plot it is seen that Nila is 2 linear function of

* * * +
N302 and that as N302 —> 2zero, N 11> approaches 14,2 counts/sec,

Since the ratio of geometric factors (cf, Table II) for penetrating
particles, i.e,, ordinary cosmic rays, is 13.3, and N}, = 14,2

corresponds to N;OE = 1,08, Hence, the intercept at

NEOZ = 1,08 iy taken as the rate of the 112 tube, due to

galactic cosmic rays and their charged particle albedo from

the atmosphere, The equation of the curve for Figure 2 is:

NilZ = 14,2 + 0,119 N§02
or
Nilz - 14,2 - 0.119.
=5
302

This ratio is similar to that usually observed in the high-
intensity soft radiation region of the outer radiation zone,
thus further supporting the belief that Figure 2 can be used
reliatly in subtracting the contribution of soft radiation to
the rate of 112 tube., It is evident from the latitude depen-
dence of the counting rates of the two tubes that the time-
varying outer boundary of the outer radiation zone is the

principal cause of the variation of the counting rates at high

12



latitudes, The use of Figure 2 mekes it possible to Increese
considerably the sensitivity for the reliable detection of solar
cosmic rays, When N*3‘02 is less than, say 100 counts/sec, one
can measure an intensity of solar cosmic rays as low as
2 particles (af sec)™l; in specisl cases (cf. Table I), it
has been possible to extend the sensitivity dowm to
0,2 (c.rzl2 sec).l.

Three exsmples of the analysis of observations in the
sbove manner follow:
(r)  In the pass which covered from 0718 to 0736 U.T. on
November 18, 1959, shown in Figure 3, the position of observation
was chosen st 0729.5 U,T. at which the setellite reached the
highest latitude, 1\1302 , the apparent counting rate of the
'3oe iube, 1s 17 counts/sec; and LEPY the apparent counting
rate of the 112 tube, at the same time, is 16 counts/sec,
Fram the curve of epparent counting vs true counting rate for
the 112 tube shown in Figure 1, one finds the true counting
rate M,,, corresponding to N = 16 1s also 16. By Flgure 2
and the above discussion, the estimated contribution of soft
trapped radiation in the outer edge of the outer rediastion
zohe to the counting rate of the 112 tube 1is:

SN, = 019 M, = 2 counts/sec,

The net true counting rate due to cosmic radiaetion is taken to be:

13



% = %2 - A% = 11}.0 _'i' 1.0 Cm/&c:

(b) In the pass which covered fran 2347 an April 27, 1960
to 0005 U,T. on the following day (Figure 4) the time of
cbservation wvas chosen at 2355 U.T. vhen Ny, = Ny, = 1k
and N3(2 = 4, The correction temm M, 15 less than

0.5 count/sec; therefore, it was neglected but was included

in the errorp thus we have:

M, = 14.0 +1.0 counts/sec.

(c) On April 28, 1960 (Figure 5) in the pass which covered
fram 2323 fo 2342 U,T, (after the flare on April 28), the time
of observgtioa vas taken at 2332 U,T. vhen Nop = 12 ama

N, = 72 counts/sec. During the period of 27-30 April the
inner radiatidn zone dsta shoved that the saturation counting
rate of the 112 tube during this period was between 250 to

320 cou.nts/ sec; tlms a fairly dependable corrected value

Nﬁz nay be read fram curve (a) in Figure l as

By, = , 95 counts/sec, and & M, = 0.119 x 12 = 1.4 comts/sec.
Thus % gl + 10 counts/sec, 'Ihe ervor estimate 1s

1ntended to represent the overall uncertainty in the correction
procedure, During large solar cosmic ray events there is an
important (and sometimes daminant) camtribution to l%oe due to

solar cosmic rays., Fortunately, in such cases there is usvally

%4
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an accapanying depletion of the outer radiation zope /Van Allen
and Iin, 1960/ such that the correction for trapped radfation
may be negligible, Ip solar cosmic ray events of intermediate
size, say 20 times galactic cosmic ray intensity, when A %
is not negligible carpared to Nﬁz the final value of % is
determined by & two stage iteration process, i.e., by first
using Figure 2 to find A I,,, then teling (ng«_.'_2 - & mﬁg)
and the relative geametric factor of the 112 tube and 302 tube
to estimate the penetrating contributimn to M, and finelly
Flgure 2 agaln to get an improved A %wtherebyan
improved %.

An estimate of the overall uncertainty of each ¥, vas
made on the followlng basis:
(a) The fluctuations of I,,, near the observation point and
the basic statistical uncertainty;
(v) The uncertainty attendant on the use of a selected cwrve
of Fgure 1 in correcting for system dead time to obtain 1\‘f]2;
- ,
(¢) The uncertainty in subtracting the comtribution of soft
trepped radiation by means of Figure 2 to obtain finally the
true, net counting rate due to penetrating particles %.

There remalns, potentially, a systenm:ié error :Ln the
results due to the time-variable aspect of the equipment with

respect to earth-fixed coordinates. The S.U,I. package was

15
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mounted on the extreme forward end of the payload with about
70% of the solid angle at the Geiger tubes lightly shielded
(cf. Table II) and the remaining 30% heavily shielded by the
bulk of the payload. The axes of the Geiger tubes were
orthogonal to the spin axis of the paylcad. The payload had
an in-flight spin rate of about 6 cycles/sec (slowly damped)
and the forward drawn axis pierced the celestial s here at
right ascension (303 + 5)°, a declination + (30 + 5)°,—for at
least the first two months of its flight /Naumann, 1962/ and
probably for a much longer period.

If solar coaﬁic rays arrive near the earth in sharply
directional beams, the resulting counting rates would be ex~
pected to vary markedly with longitude and to be markedly
dif erent over the Northern and Southern Hemispheres of the
earth on contiguous passes due to the shadowing of the
detectors of the bulk of the payload (average of some fifteen
grams/cmz). No such effects have been apparent though the
matter has not been studied exhaustively. It is tentatively
concluded that this matter does not lead to significant errors,
a conclusion yhich is strengthened by the observations by
others in the broad angular distribution of low energy solar

cosmic rays near the earth £§§ilvie, Bryant, end Davis, 19§Z7.

13



L

3. Observational Data end Discussion.

During the sixteen months of observation values ofl\‘.‘ﬁe
at high latitudes have been cbtained for over 1000 passes (both
Northern and Southern Hemispheres) and tebulated in detail
[Jin, 1961]. The vast majority of these values cluster about a

meen of 14,5 counts/sec, corresponding to an amnidirectional

intensity J_ = 2.0 perticles/ ox® sé_c. This intensity is inter-
preted as that of galactic cosmic rays and their cMrgéd-Micle
albedo arising in atmospheric interactioms. A separate dis-.
cussion of the observations of galactic cosmic rays as a
function of latitude and of time is contained in a separate
baper,

' The occurrence of solar cosmlc rays is revealed by the
positive departure of 1‘9‘*112
quiescent velue there and, in favorable cases, by the latitude

at high latitudes fram its mecan

dependence of this departure, The hishest geogrephic latitude
reached by Explorer VII 1s 50.5°, corresponding to a geamagnetic
latitude of about 61° over North America, It is conceivable
that further solar cosmic ray events might have been detected at
higher latitudes, But camparison of Table I herein with the
listing of PCA events by Beiley /I962/ shows (a) that

Explorer VII techmique is a more sensitive one for the detection
of salar cosmic events than 1s the present VHF icnospheric

scatter technique on a propesgation path across the polar cap,

17
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and (b) that perhaps only the 'very sxm.ll"- events reported by
Bailey on 29~30 March 1960 were inaccessible to Explorer VII
during the period of its observatioms,

Flgures 3 apd 4 are representative plots of observations
mdawwhengo]&rcosmicraysgreabaent;andﬁguresSandG,
when they are present.

A brief account of Explorer VII cbsexrvations of solar cosuic

rays and auxiliary data follows:

November 9, 1959 Event.

The first case during the obcervatiom period of Explarer VII
that M, exceeded 20 counts/sec was arcund 1051 U,T. on
November 9, 1959 during the pass which covered the period -

1042 U,T, to 1058 U,T, X, was 30 + 5 counts/see, During the
follaving pass, which covered the period 1230 U.T, to 12k0 ULT,
on the seme day, the counting rate curves of both the 112 ‘and .
the 302 tubes exhibited simultaneous bumps in the high latitude
portion of their counting rate vs time curves in the reglion
where both curves usually exhibit valleys., The bumps were
narrower than those for usual solar cosmic rey cases, and hence
indicate an unusually high latitude threshold or an umusually
saft spectrum. At the highest value of latitude 1%'02 = 107
and N, = 90. The resulting M, is 85 + 9 counts/sec.
Hence the rediation being detected was considersbly harder than

18
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typical cuter zone rediation but considerebly softer than that in
& typical solar cosmic ray evemt., After subtracting the contri-
bution of galactic cosmic rays (14.5 counts/sec), a net intensity
of 10 (cu® sec)™t 1s found fram the 112 tube data &t the highest
letitude (longitude -94.8°, latitude +49,3°, altitude 633.1 km)
at 1234,7 U,T., on the assumption that the particles belng counted
are directly penetrating ones, 1.e., protons of E > 30 MeV,

The latitude dependence leaves little doubt that the primary
radietion must consist of charged perticles, though, es remarked

ebove, the Explorer VII data do not determine the nature of the

particles.

November 30-Deceuber 2, 1959.

Explorer VII data showed an increased counting rate of
about 10% to 30% above normal cosmic ray intensity beginning
early on November 30 and continuing through early December 2,

The intensity had returned to normel by late December 2, During
the period 2300 on December 3 to about‘ 0330 U.T. oo December 4
a Farbush decrease of about 20% was observed with a gradual
recovery to normal by December 7.

The optical flare of importance 3 which may be regponsible
for the solar cosmic rays was observed at Sacramento Peak on
November 30 beginning at 1722 U,T, and ending at 190% U,T. at

location NOSEO6 [Ratl, Bur. Standards, U.S., 1960/.

19
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At the ground cbservatory at Deep River [Natl, Bur,
Standards, U.S., 1960/ the neutron monitor showed no significant
increese of intensity during the period in which Explcrer VII
observed the increases. The onset of the Forbush decrease was
cbserved there at about 0000 hour U,T. on December 3. The
maximm decrease of sbout 5% was observed sbout 2k hours later.
Recovery was substantially camplete by early December 7, This
time histoary of the Forbush decrease was in good agreement with
what Explorer VII ocbserved although the omset of the Forbush

decrease was not clearly defined by Explorer VII data.

January 11-14, 1960 (Figure 8).

At 2040 U.T. on January 11, 1950 the beginning of an optical
flare of importance 3 at the location N23BO3 was observed at the
Iockheed Cbservatory., The end was st 2355 U,T. /Fetl, Bur,
Standards, U.S., 19607 .

Explorer VII data showed that during the middle of
Jemuary 10, after the storm sudden camencement (SSC) at about
0600 U,T. on Jenuary 10 WY, wes 14 + 1 (normal cosmic ray
value), During the middle of January 11, before the above
solar flare of January 11 was observed, % was ebout
17.5 + 2.0, possibly samevhat increased. By the middle of
Januery 12, % was 27, corresponding to an excess particle
intensity of 2 (cx® sec)™l. Thereafter, the intensity decreased

graduslly erd was back to normal by about the middle of

20
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January 15, There was no increase in intensity cbserved by the
1) Deep River Neutron Monitor, but a 4<% to 5% Forbush decrease
was recorded during Jamuary 1k to 19, with the cnset at about
1900 U,T, on Jenuary 13, at ebout the same tme as a geamagnetic
storm sudden ccmmencement., This Forbush decrease was not
observed by Explorer VII, possibly becamuse it was marked by lower

energy solar particles.

March 18-20, 1960,

Nﬁz increased by 10 to 20 percent sbove the noymal cosmlc
ray value dur:l.ng this period. The lncrease, which does appear to
be significent, has not been identified with any other reported

Phenamenon,

April 1.2, 1960, end April 5, 1960 (Figure 9).

A report on these events has been glven previously
- [Nen Allen and Iin, 719@, including the repart of & 2U percent
Forbush decrease during the early morning of April 1.

An improved estimate of the meximm imtensity on April 1
has been made with the help of the set of 'hbomtory ‘curves
(Part 1-2 end Figure 1) of apparent rate vs true rate of the
112 tube, The choice among the family of curves to be used vas
made by finding the flight saturation value of the 112 tube in
nearly inner radiation zone passes gt a similar local time, The

saturation value adopted was 340 counts/sec.



The resulting value of N¥¥, at 1023 U,T, on April 1 was
1600 counts/sec. This ylelds N

J, = 220 %30 (cm2 ssec:)"l

for the amidirectional intensity of solar protons of energy
greater than 30 MeV, At the same time the counting rate of the
302 tube ylelds

3, = 210 +20 (e sec)™

of protons of energy greater than 18 MeV, The cambination of
" these two results indicates that the spectrum was not rising
apprecisbly between 30 and 18 MeV and hence imvaelidates the
earlier spectral remark of Van Allen and ILin /1960, p. 300,
top of column 2/. R |

The peak intensity of the April 5-6 event was not observed
by Bplorer VII. At 1000 U,T. on April 5 the omnidirectional
smtenstty of proteas of E > 30 MeV was 5 (eif sec)™t,

30, 1960 (Figures L, 5, 6, -
> 1,@7,8@ )-

Figures b through 7 show sample date from Explorer VII
before, during, and after the proton event., Figure h is &
typical set of observations at nonesolar proton time, while
Explorer VIT was over North imerica, The first pesk in intensity

wvas recorded as the satellite cut through the outer radiation
. ()
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zone during the north bound pass to higher latitude, The second
peak was recorded ss the satellite returned through the outer
radiation zone durlng the south bound pass, Figure L was
recorded during the period 2347 U,T. on April 27, 1960 to~

0006 U,T, on the following day, about 90 minutes before the
flare of importance 3 was observed at 0130 U,T, on April 28
[Fotl, Bur, Siendards, U.S., 1960/. The locatlion of the flare
wes SO5E3L4. The satellite data show a slight increase

(% = 19,0 + 2,0 counts/sec) at the highest latitude at
0323 U, T, The time dependence of the solar proton intensity of
this event 1s shown in Figure 10. The detection time by
Explorer VII of solar protons beginning to arrive in the vicinity
of the earth elmost coincided with the onset of polar cap
ebsorption of greater than 1 declbel, recorded at Thule,
Greenland /Ieinbach, 1960/, There were no further satellite
data wntil 1920 U,T. which gave the maximm intensity detected
by Ixplorer VII for this event, The followlng passes show &
decreasing intensity. Hence, it is cleexr that the peak of the
event was not cbserved, The proton aunidirectional intensity
with E > 30 MeV at 1920 U.T, was 26 (cu sec)™l, The intensity
decreased monotonicelly with time to an amnidirectional
intensity of 7 (em® sec)™t at 0300 U.T, on April 29,

Figure 5 was recarded during 2323 to 2342 U,T. on April 28,

This pacs shows the solar protons detected by the 112 fube,

23
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The time scales are chosen such that if Figures 4 and 5 are
superimposed the positions of the satellite are about the same
at all points; e.g., the position of the satellite at 2350 U,T,
on April 27 is about the same as that at 2327 U.T., on April 28,
and at 2355 U,T, on April 27 about the same as that at

2332 U,T. on April 28, Figures 4, 5, 6, and 7 are plotted in
the same way, ¢.g., the position of the satellite at 2350 U.T.
on April 27 is about the same as that at 2240 U,T. on April 30,
1960 (Figure 7). The increase of intensity recorded by the

112 tube in the higher latitude part (between the two peaks) is
clearly seen by compariscn of Figure 5 with Figure 4, and the
latitude dependence of the intensity is shown well in Figure 5.
This event was also registered by the Soviet group with balloon
equipment zgﬁérakhch'yan, Tulinov, and Charakhch'yan, 19§i7.
Comparing Figures 4 and 5, one finds that there was a marked
decrease in intensity of the outer zone during that period
/Forbush, Pizzella, and Venkatesan, 1962/. Such a low intensity
in the outer zone enhances the opportunity to study the latitude
dependence of the solar cosmic ray intensity. In many cases,
the intensity in the outer radiation zone under magnetically
disturbed conditions is much lower than that shown in the first
peak in Figure 5, The latitude dependence of the arrival of
solar cosmic rays is discussed in Part II of this paper., The

intensity of solar cosmic rays (non-latitude dependent part)

24
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observed during the period 1854 to 1859 U,T. on April 29 was
5 (cn® sec)™t (Figures 10 and 18), The ratio of the solar proton
intensity with E > 18 MeV to that with E > 30 MeV is estimated to
be about 1.4 during late April 28 and early April 29, The increased
intensity during late April 29 and early April 30 was presumably due
to flares beginning at 0107 U,T. and ending at 0230 U,T, at
N12W20, and also beginning at 0612 U,T, and ending at 0&22 U,T.
on April 29 at N15W20, observed at Lockheed and Capri S
respectively, Type 4 radio noise was observed at 03#6-0709’U.T.
on April 29, The solar proton intensity increase of Apri¥ 29
followed several hours after the flare, The unusually long
delay time may well be explained by the following [§anshi,
19§:7: Solar protons ejected from the flare of April 29 were
stopped and trapped by the magnetic plasma cloud near the mid-
point of the sun-earth line, which had been produced by the flare
of April 28, However, some particles, presumably of higher
energy, leaked out through the magnetic plasma c¢loud, and this
leakage may account for a slow rise in flux until the arrival of
the cloud which is observed at the time of SSC early April 30,

The data recorded from 2259 to about 2318 U,T, on April 29
is shown in Figure 6, Comparing with Figures 4 and 5 we see
that the intensity in the outer zone increased relative f§ that
shown in Figure 5 while thz latitude dependent part of the solar
cosmic ray intensity was partly observed by trapped particles
in the outer zone, Therefore, these data were not shown in

Figure 18, but the value of N**_  at the highest lztitude was
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taken at 2310 U.T, ylelding M{, = 79 + 10 comts/sec. During
the pass fram 2235 U,T, to 2255 U,T, on April 30 shown in
Figure 7, no solar protons were detected end the intensity in the
outer zone had decreased rarkedly. A sumary-of the cboervational
results assoclated with the soler flare of April 28 follows:

(a) A flare of importance 3, located st SOSE34, was observed
~ ot Bawall beginning. at about 0130 U.T. and ending at sbout

0145 U,T, on April 28, Solar flare produced particles comtinued
to arrive in the vicinity of the earth for more than 22 hours
after optical evidence of the solar flere had ceased,

(v) The aanidirectional intensity J (E > 30 MeV) declined
with elapsed time t sfter the optical onset of the flare as
£-35 for the interval 8 < t < 22 hours. The peak intensity
was not observed end thexe is, of course, no foundation for
extrepolating the above empiricel relationship to times t less
than 8 hours,

(c) The time history at‘,‘&heila.ttwt?ce:indepet;deﬁt carrected
rute, 1%‘:{2, et high latitudes is plotted in Figure 10, Iata
points fram interleaved passes over North America and Australia
are well represented by a single curve, thus exhibiting
independence of locel time,

(@) A Forbush type decrease of galactic cosuic rey intensity
of about 13% was observed by the satellite at around 2100 U.T,
on April 30, and ebout 5% during Mey 1. No significant
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increase was observed by the ground neutron monitor at Deep
River during the solar proton events, However, the neutron
monitor showed that a maximum of about 5% of Forbush decrease
was observed around 2200 U,T, on April 30 after which the
intensity recovered gradually during the following day, The
Russian group reported that the integral energy spectrum of solar
protons on April 28 was 22 for 220 MeV < E < 300 MeV, The
slope is less steep in the range of 175 MeV to 220 MeV
[Eﬂérakhch'yan et al,, 1962, page 532, Figurqii?. Unfortunately,
the exact time of their observation was not shown in their

paper; therefore, it is not possible to use our observations to

extend the energy spectrum down to 30 MeV,

May 4-8, 1960 (Figures 10, 15, 19, 20,
21, and 22),

The May 4, 1960 solar cosmic ray event has been reported
elsewhere /Palmeira and McCracken, 1960; Rose, 1960; Santochi,
Manzano, and Roederer, 1960; Maeda, Patel, and Singer, 1961;
Winckler, Masley, and May, 1961; Biswas and Freier, 1961;
Charakhch'yan, Tulinov, and Charakhch'yan, 1961; McCracken,
196257, as observed with balloon equipment and ground neutron and
meson monitors.

A 3+ solar flare, accompanied by radio bursts and intense
type IV radio continuum, was observed at 1015 U,T. on the

western 1limb of the sun Zﬁztl. Bur, Standards, U.S,, 19§§7.
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No other flares of an importance greater than 1" were observed
before the 3 flare of May 4, Therefore it is believed that the
3" solar flare is responsible for the May 4 event, The first
arrival of solar cosmic rays associated with the flare was observed
at 1029 U.T. by the ground neutron monitors ZEECracken, 196257.
If one assumes that the solar protons were ejected at the beginning
of the solar flare then the actual flight time of solar protons to
travel from the sun to the earth is about 22 minutes. The recti-
linear flight time for protons of 500 MeV ( . 1,1 BV) and 1 BeV
( . 1,7 BV) from the sun to the earth are 10.5 minutes and 9,2
minutes, respectively, The effective atmospheric cut off rigidity
for a sea-level neutron monitor is approximately 1.1 BV ZEECracken,
196257. Therefore, the ratio of the actual flight time to the
rectilinear flight time is about 2, The ratio for lower energy
particles observed during April 1, 1960 event was also about 2
[i;h Allen and Lin, 19§§7 and the similar result for February 23,
1956 event égZe Carmichael, 19§:7. However, many observational
results indicate that this ratio of 2 should be taken as the lower
limit, The result would immediately imply that the minimum flight
path is about twice that of the distance between the sun and the
earth,

From the study of neutron intensity enhancements observed
by the stations within the polar cap regions of the earth during

the flare effect of May 4, McCracken /1962b/ conclvded that the
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incidence of particles on the earth was highly directional,
Unfortunately, there were no data fram Explorer VII during the
anisotropic phase of the incident solar cosmlc rays due to the
absence of & suitable pass,

Explorer VII data first showed an increased % from
normal cosmic rey intensity &t 1516 U,T. During the followlng
pass at 1700 U,T, the incrememtal omnidirectional intensity was
ebout 16.5 (et sec)™t, 8 times normal commic rey intensity.
However, the maximm intensity of the outer zone detected by
Explorer VII, during the pass sround 1516 U,T. on Mey %, was
at I = 2,7, while the L value above vwhich the amidirectional
intensity was independent of latitude In J o V8 L plots during
Mey 4 wvas greater than 5 earth redii., Therefare, our measurement
of intensity at L = 3.5 end 4. at 1516 U,T. and 1700 U.T.,
respectively, were not on the flat high latitude portion of
counting rate vs L plots and could not be included properly in
Figure 10, TIn Figure 10 all the data points were taken fram
the latitude independent portion of coumting rate vs L plots.

Total ionization and counting rete measurements were made
at 6 g/cu” depth at Minneepolis (L = 3.26) in the period fram
7t016h01rsfollmdngthecomicrayﬂareofuay‘h. The

. cmnidirectionel ionization and cownting raetes were about

25 percent ebove normel and the ionization retio per particle
wag 1.2 times that of normal galactie cosmic rays at-the same
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altitude, It was ccncltﬂed tha.t the primary particles produce
:lngtheeffectsmeasmdlie, on the avérege, :l.nthehigh
enezwmngemmcner, Masley, and May, 19@ m, in
_'the higher latitudes, say L > 5, protons with energles at
least down to 18 M;V were detected by Explorer VII, The
Explorer VII data at 1842 U,T, on May &, of LO (cm2 sec)’l
yielded an intensity of solar protons with E > 30 MeV, which
was the maximuﬁ intensity cbserved in this event, However,
this maxiinm observed intensity is probebly considerably

lower than the true peak intensity of this event since the
subsequent passes show a steady decrease of intensity

(Figure 10), From 302 tube data, the amidirectionsl intensity
with E > 18 MeV was estimated roughly to be 52 (cm® sec)™  at
1842 U,T, The integral onergy spectruz obtained by Charslhchiyan

22102,

et al, /19617 for the May k event vas E-
200 < E £ 400 MeV, Since thelr measured energy spectre are
average value, it is not possible to extend the emergy spectrum
down to 30 MeV by using the results cbtained by Explorer VII,
The time decey of intensity was accarding to t"1°%

B ¢ t < 30 where as ebove t 15 measured in hours from the onset

for

of the flare, This result is close to t~1°3? dbteined by the

Soviet group [Charakhch'yan et al,, 19617 but is different from
™2 btained by Winckler, Masley, and May /[T961/. It seems
that the decay is a function of energy vhich conclusion vas also
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obtained fram cbservations of the April 1, 1960 event [see
Webber, 1965/,

The incresse of proton intensity shown in Figure 10 on
May 6 was presumably due to a flareé of class 3 begluning at
1404 ULT, at S10B08 /Tatl, Bur, standards, U.S., 1960/. The
" burst of solar cosmic rays detected by Ixplorer VII was in
close coincidence with the onset of the PCA /Teinbach, 19607,
The increase of intensity on late May 7 cannot be assoclated
with any flare of importance greater than 1+, nor was any
magnetic storm or Forbush decrease observed during May T.
Since the proton intensity was already declining on late Mey 6
and was lower than the intensity ocbserved during late May T,
it 1s presumed the late Moy 7 increase might be due to a flare
on the back side of the sun,

A 10% Forbush decrease was cbserved on the ground arcund
2000 U,T, oa May 8 but the Explorer VII rates were cnly
slightly lower than background, possibly because of a supere
position of the low intensity teil of the solar flare particles
_ &Dd the decreased galactic intensity, |

The oonclusioné from the cbsexvation of these events are:

(a)  The peak iatensity of the Moy k event wms not cbserved
.- with Explarer VII but the amidirectional intensity of protons
with E > 30 MeV at about 1840 U,T, approximately 8 hours

efter the beginning of the optical flare, wes k0 (cn® sec)™t,
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20 times that of galactic coemic Yays, The time decay of the

amidirectionsl intensity during the period of observation is
£~L1e2 | |

(b) The time of cbservation of solar protons associsted with
the May 4 flare was more than 30 hours.

(c)  The intensity increase on May 6 was due to the flare

" occurring on Mey 6 but the increase during the late May 7 1s
presumably due to a flare occurring on the other side of the sun,
(da) No significant Forbush decrease was cbserved by

Explover VII at around 2000 U,T,., but one was observed om the
ground, This is presumably due to masking by soler flare
particles,

May 13-1h, 1960 (Figures 10, 16, and 23),

Explorer VII dota received from Voomera show an increase
of intensity from cosmic ray background of Mi, = 15 combs/sec
L to M 58 counts/sec¢ at 1330 U,T, an May 13. This data

. podnt 15 not included in Figure 10, since at the highest latitude
yenchod by the sstellite during this time, the local pecmegnetic
cut off was higher than the instrumental threshold. It is
believed therefore that the peak imtensity of this event was not
cboerved, '

A1l the passes of Explorer VII befere 1330 U, T. on May 13
d1d not provide information on high latitude cbservations. The

32



31

flare which is presumed to be responsible for this event was
observed by several observatories at 0522 U,T. and of importance
3+ at the location of N30W64 Zﬁ;tl. Bur, Standards, U.S., 19§§7.
The onset time of polar cap absorption was recorded at about
0800 U.T. at Thule, Greenland /Leinbach, 1960/, At 1512 U,T,
N33, was 305 counts/sec, corresponding to 4O (cm® sec)™t the
omnidirectional intensity of solar protons with E > 30 MeV,
about 20 times cosmic ray background. The ratio of the proton
intensity with E > 18 MeV to that with E > 30 MeV at about
1500 U,T., 1700 U, T, 1840 U,T. on May 13 are about 70 to 39,
70-35, and 56-28 respectively.

The time dependence of Niia is shown in Figure 10, The
decline of the ommidirectional intensity Jo of solar proton
with E > 30 MeV, has the form t'2'8 up to an elapsed time of
at least 30 hours, Values of Niia taken both from the Voomera,
Australia and North American stations lie along the same curve
(Figure 10), implying that the protons are isotropic in direction,
This event was not observed by ground neutron monitors,

Nii2 was back to the normal value of 14,5 counts/sec
sometime before 1600 U,T, on May 15.

May 18 and May 26, 1960 (Figure 11).

On May 18 after 1200 U,T, an increase of about 40% above
the normal cosmic¢ ray intensity was observed by Explorer VII,
About the same amount of increase was observed around 1200 U,T.

on May 26, During May 17 and 18, there were no solar flares
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of importance greater than 1%, Therefore, the increase may be

due to mmall flaves of irpartance not grester then 1* ar to

7lares on the back side of the mmn, During May 26 there wes e
f£lare of importance 21 beginning at ebout 0830 and ending et
about 1000 U,T. This flare may be respomsible for this small
soler proton event, and respansible for the subsequent Forbush
decrense cbserved on the ground during late May 28 to June 1
with onset time at about the seme time as the storm sudden

cammencement reported at 2019 U.T. on May 28,

June 1 to June U4, 1960 (Figure 11).

This event, although of low intensity was very lmteresting,
On June 1, a flare of importence 3+ wes observed at the Ceprl S
cbservatary /Fatl, Bur, Standards, U.S., 1960/, starting at
0824 U,T. and ending &t 1340 U,T, at the location RRGELG,
This flare was presumsbly responsible for ejecting solar protons
and solar plemma ceusing & megnetic storm with storm sudden
comencenent at 1731 U,T. on June 3, end at the seme time causing
the Forbush decrease beginning at almost the ssme time, reaching
maximm depression of about 4 to 5 percent during late June 5
and early June 6, and gradually recovering to normal as observed

by the peutron monitor at Deep River [Fatl. Bur, Standards, U.S.,

19607 .

Explorer VII data showed a sllght increase in intensity
W%=18 counts/sec, at 1021 U,T, ¢n Jume 1 from & normel

34



33

value at 0839 U,T, on the previous pass, Apparently then the
solar protfns began arriving in the vicinity of the earth
sometime between 0839 U,T, and 1021 U,T, There was no
significant polar cap absorption reported; also no significant
intenéity increase was observed by ground neutron monitors
during this event, The highest value of Niiz during the event
was 51 counts/sec corresponding to a solar proton intensity

of 5 (cm® sec)'l, at 1205 U.T. This was about 3.5 hours after
the beginning of the flare, and 1.5 hours before the end of the
flare, During the middle of Jume 2, Niiz was 22 counts/sec,

corresponding to a solar proton intensity of about

2 sec)_l. By 1120 U,T. on June 3, N**_ had returned to

1 (enm s

its normal value,

The flare-associated solar plasma ejected from the sun
reached the earth and caused the storm sudden commencement and
almost simultaneously caused the Forbush decrease observed by
the neutron monitor. Presumably the plasma cloud also provides
a mechanism for the enhanced solar proton intensity observed on
June 4 by Explorer VII as there were no flares of importance
greater than 1" observed June 3 or 4, During June 5, Niia was
normal while the ground neutron monitor showed a Forbush
decrease, The reason that Niiz was normal may be that the

slight proton intensity increase was compensated by the Forbush

decrease of galactic cosmic rays. A Forbush decrease of about

35



i

I
e

3k

QOpercent during June 6vtom.me 9 veturning tom;mmm;e 10
was cbserved by Explorer VII,iB:B well as by ground peutron

nonitors,

Avgust 12-16, 1960 (Figure 12).

On August 12, 1960 at 1924 U.T. a flave of importence 3%

~ at the location MR2F27 was observed at Hawaili cbservatory

[Fetl, Br, standards, U,S., 1960/. The flare ended at 2042 U,T,
Explorer VII made only one pertinent set of cbservations, at sbout
1240 U.T, an August 12, N, was 29 counts/sec, carresponding to
e solar proton intensity of 2 (cm” sec)™>, Fram 0850 to 1220 U,T,
on August 13 the intensity was 1.3 (an sec)™l; and on the
following day, fram 0820 to 1010 U.T,, 1t was 0,8 (e sec)™l.

On August 15, at sbout 1130 U,T., the excess intensity was

_slightly higher than 0.8 (c® sec)*l, Instead of decreasing in

intensity, a slight increasing of intesisity was observed, which
can be explained in a similar manner as the June luk case,
since here, too, a magnetic storm occurred with the onset at
1510 U,T, on August 1k, almost coincident with the onset of a

Forbush decrease observed by the neutron momitor at Deep

River /Tatl, Bur, Standards, 19€0/. It was interesting to note
that the flares cbserved for June 1-4 event and this event both
occcurred on the eastern part of the solar disk, and in both

cases, the slight increase of intensity of soler procons
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observed after the storm sudden ecumencement, On August 16,
%.wasabmtﬁparcenttoaopercentabwem. On the
fdlwingday%wsbacktqthenmmmnyo

September 3-9, 1960 (Figures 13, 24, =nd 25).

time In the arrivel of solar protons in the vicinity of the earth,
" long rise time, and also long decay time,

A flare of importance 3% beginning st 0040 U.T. at

* NLTEQO sccompanied by Type IV radio emission is presumed to have
been responsible for the emission of the cbserved particles,

The flare ended at ebout 0154 U,T, Two passes of Explarer VII
during early September 3, one at 0037 U,T., and the other cne
et 0221 U,T,, showed no increase in intensity, There was no

" further data at high latitodes until 2322 U, At that time

- 1B}, vas about 1000 counte/sec corresponding to

E > 30 MeV, Prom the Explarer VIT data alane, the delay time,
which is the time interval between flare and the detection of
the first arrival of solar protans, was not knowns however, the
delay time can be estimated by looking at the cuset of palar

. -CoP abscrgtion. The beginning time of PCA.was about 0500 U,T,
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| @_fembach end Hartz, Private Camunieation, 19@ vhile
ohoou.r. theonsettinecttheﬂm 'merafa'athe
delaytimecanbeestwkedasabmbhﬁhmg |
memaxmmintensitywaa obsmeabymxwermatp .
0155 UL, and 0337 U.T. on Seiptember k. 313‘2 vas abaat
", 1800 counts/sec, vhich cerresponds to e soler proton flux of
“ 250 (cu® sec)"t with E > 30 MeV, Fram the entire time
dependence of the solar proton imtensity 1t is belleved that
the time at which the solar protons detecteble by Explorer VII
greached mexinnm intensity cannct be earlier than 0155 U.T, -
The rise time (thetimofmstazﬁvaltothetmestm
the proton intensities reach maximm) for this event is
estimated as not less than 20 hours, The Deep River neutron
monitor date /Rt Bur. Standards, U.S., 1960/ indicate
a rise time of much less than 5 hours, with & peek intensity
at around 0830 U.T. on September 3, It 1s seen that there wms
taereble $ime lag in Teaching the vicinity of the eerth
P ’ en h:lgher energy" prcftcns detectahle by neutron monitor
vzaa.ua ’bhe Jower energy particles detectable by the 112 counters

4n Ebtplm'er VII‘ This result was consistent with the result
reparted by the Winckler group [Binckler, Ehaveer, Masley,
and May, 19617 and the Goddard Space Flight Center group
[Devis, Fichtel, Guss, and Ogilvie, 19GY/.
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‘The time decey of the amnidirectiomal iutensity can be
expresced as & function of time measured in hours from the
beginning tine of tbe flare as J_ = At2°6 (¢ > 25 hrs).
Htismeamredfmthetim‘atwhi;:htheprotmintmity
reached the maximm, then the decay dennot be expressed as &
power law, The cbserved time duration of the solar protous
in the vicinity of the earth was more than 5 days, which was
more than ten times the observed time duration by ground neutron
monitors,

The data fram Explorer VII were received while the
satellite vas over North America end Australis, They differ in
local time as well as hemisphere. Nevertheless, all the date
wvere along the same intensity vs time curve, as shown in
Figuwre 13, Apperently the solar protons for this event showed
no impact zone effect, i.e., protans were isotropic., This
result is consistent with that obtained by Wilsen, Rose, and
Wilson [I9617. During the event there were two stam sudden
camencements at 0230 U.T, and 1145 U,T. on September &,
There was no significant increase of intensity of solar protons
efter the first SSC, Ko data are availsble for the perlod
immediately following the secand SSC, These two SSC's
presumebly were csused by solar plasme ejected at the time of
the solar flares begimning st 0700 U,T, and 2230 U,T, an
September 2, These two solar plasma clouds, wvhich were
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between the sun and the earth at the time of September 3 solar
flare, might be responsible for the observed long delay time
discussed previously, as pointed out by Winckler et ai.'E@.
Measurements of integral energy spectrum by Davis,.Fitcﬁél;
Guss, and Ogilvie /see Winckler, Bhavsar, Masley, and May, 1961/
revealed that the spectrum can be expressed as a power law of
1) £or 20 MeV ¢ E < 210 MeV at 1730 U.T, on September 3,
The proton intensity with E > 135 MeV from the balloon
measurements /Winckler, Bhavsar, Masley, and May, 19617 at
2400 U,T. on September 3 was 2,7 particles/cm2 sec ster. At the
seme time, the omnidirectional intensity with E > 30 MeV
“observed by fkpldrér VII was about 140 paf£ic1es/bm2 sec

(Figure 13) corresponding to the directional intemsity of 15

%%%Q)particles/cma sec ster, Combinihg the results of

‘Explorer VII and the balloon observations at 2400 U,T, on
September 3, yields the integral energy spectrum E"Ll? + 0.03
for 30 <. E <_135 MeV, The results indicate that the energy
spectrun did not change appreciably during 1730 U,T. to
2400 U.T. on September '3, However, for the higher energy range

" measured by the balloons, indications are that the spectrum is
much steeper. During this event, solar a-particles were
observed with an abundance of 3 to 7 percent of the solar protons

of the same rigidity /Biswas, Freier, and Stein, 1963/,
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November 12-28, 1960 (Figures 1k, 26, 27, and also 20).

Three solar proton events were observed in November 1960
by Explorer VII, The extensive studles on these events have
been reported elsewhere, using the date from warldwide ground
neutron and meson monitors /Steljes, Carmichael, and McCraclken,
1961; Reederer, Manzano, Santochi, Nerurkar, Tronceso, Palmeira,
and Schwachheim, 1961; lockwood and Shea, 1961; Carmichael,
Steljes, Nose, and Wilson, 1961; McCrecken, 1962b/., The results
from rocket observations on these events were reported by the
MASA group /Ogilvie, Bryant, and Devis, 196@; Devis and
Ogilvie, 19687,

The time history of the event as seen by the Nﬁz during
November 12 to November 30 is shown in Figure 14, The peak
intensity observed by Explorer VII occurred eround 2330 U,T. on
November 12, Compering the time of the peak intensity observed
by Explorer VII and that of the second peek at about 2000 U.T.
on the same day observed by ground neutron momitors /[Steljes
et al., 1961/ we conclude that there is a time difference of about

.5 hours between than.

The flare which was responsible for the Novan‘ber 12 ;vent
has been identified to be the flare of importance 3% at Ne6wOL,
which started at 1325 U.T, and ended at 1922 U.T. on Novenmber 12.
There vere two flares, one on November 10 and the other on

November 11, Thus the November 12 flare took place and generated
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had ..fii’f;i';tham sueUuetaa..Mm
*masmm@mwmawmﬂmm%
mmqgamaxmsm o totwma@u‘"‘
steljes et el., m,p.lsﬁ.ﬂm? the plasm clowl
maweawmmﬂmot"fg; 11, dregged Lok
from the swn & mm"m@e‘dcﬁeldtorom&m
ibctth‘ Solar commic rays ejectsd from the Movanber 12 flare
mw@pﬂgnwﬁc'bot—m, Sme of the particles
leaking art of the mugnetic bottle were responsible for the first

slwrisingintheintmityottheneutmmm ‘me ,
mmmmmmua.mm&m

-y

peakatabmtwﬁﬁ.m, the secind Btmncemant, eccexding to
‘-mmktat%mmummwmwmsn
$he megnetic bottle voich expanded and euveloped the earth at
1900 U Te

The 3.5 hdtrs aifferbice between the sscand peak of the

S Wwitcrand “the peak of Explorer VII may be reasonebly

Wc}&ek medel, which is ensentielly an extensicn of
the idea of Cocoand, Orelsen, Mcrrison, Gold, and Foyakewn
[Ie58], by assuming that the lower epergy protans were mainly
trepped in the inner loops of the nagoetie bottle. Thus

3.5 hours elipced before the inner logps of the expanding
eneagy protons was. seen. /OLJ
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maammmabmisbgagdmmamﬁammw
t&mianwumm:smmmmmwﬁw ”
WWI&MMMWWW&&M ]
mﬁiccutcﬁd\mtlasm %erelsmﬂimc‘l‘,ev‘:ldenc&‘
that the data points for the period are takan frou thpgjiat:twde
independent partitn of ¥, vi L plots. chaw,thel&, index
“nms 8° for late Hovcaber 12 aad 9° fwwwmemberxs.
Mmm%nmea,mmicmmmaow
| protons 45 eround 1 = = 3.5 earth radii or less. ﬁ:pr.m:estw
" the first ¥ polnts shown in Figure 1k ave, in time onder,
33, %2, 3.6, 3.5, and 4,6, Therefare it is belleved {lat the
measured points lie in or at least very close to the letitude
, independent portion. This:inplies thet the cbéerved tins’
wristio of solaf proton intensity during the perdod is not
due to the change of the geamngnetic cut off,

- Becgmse of the very high solar proton flux 'durihg the
peéfold ‘of ‘the Yovesber evarbs, the epurent rate of the
2 detbotor cbeerved st Blgh 1atitnde 1§ vary for below the
}isafwaﬁoaé&mtdnarateot&odetectw Fa'emple;duﬂbe

- ;;2323 UsTe to 2532 UM, %a- November 12, an apparent counting -

mwo&theﬂammw:uptoitssatmm

" tate. (360 efambafacc) v the pavellite vag gotng narth over

North Amexica; afterward, 1tdecreasedtoanapparent rate of
less then 1.5 countafsec st L = 3.6. Accarding to Flgure 1,
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% ﬁ"ﬁe estimate of the soler proton Intensity with 3 2 30 Mpv,'. Ca

. ’tl

#socording to the ebove discussien, ds sauadere Yevesn 13,000
to 46,000 par‘iicles/:xa sec et about 2330 U.T. on November 12,
* fihe directiorsl jmteasity of sler protons 1z cbtained fram
the amiairt fonal miemt;y r'mviaed by 3%, Thus Bxpoger \VIT
ok about 2330 UeTe, ylélda s proton intensity of Lmﬁ
L,900 porticYes/od® sec ster with E > 30 MeV. Canbining e
Fomles: Gbainx by NASA Fogket 108 [Totlvie et al., 1965/,
which ve3 Yaunched et 2332 U.T. on the msame day, yields an
inbegsa) energy spectium B4 2 0% por 30 MeV < E < 120 MeV
pad E0 2063 por 1,8 MeV < E < 30 MV, A Jovse exror 1s
fhgiuded in the spectrin due mainly to the crule estimate of
the irlénsity cbeerved by the amtallitie,
The solar prétco intensity sssocisted withi the November )2

solty flave bas been pletted va time in log-log scale. The
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atmammmmatmu.r,mmvmls. Tds
evert ‘2¢fered fran that of Novesber'12 in the repid rise in the
| Deep River neutron monitor mte [Steljes, Carmicheel, and
McCracken, 19617, They bave interpreted that as a consequence
of the resence of & fatrly vell-qriered systen af magnetic
field connecting the earth to the sim at the timk of the flare.
Since the earth was then inside the megnetic bottle assoclated
vith the previous evemt, the wellecrdered field 1s considered
6 supply & mechenism £ the Fepiidl pessage of eoler particles
{mm the v 3¢ the earth, Aniaotr@ies which were ocbaserved
By means of the worldwide netsiork o€ neutron manitrs cocurred
imedistdly efter the initial rise [MeCracken, 1962b/, but there
is no date available fram the satellite early Iu “he event,
Explorer VII provided data of this solar pruton event from late -
November 15, which is shown in Figure 14, All the data by

Eaidf)
Wt
S
s _ﬂ,

Pl St

Explarer VII, therefore, are presumed to corrvespond to times w7

after the establishment of isotropy,
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The mmidﬁmtioml hrheﬁngty of so.';ar pm!?bus with
E >3omvmwoou.r.mmmer15mm
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11,000 (cmé ‘sec) 1., The rigmeter date showed that m meactram

:flm:arparticlesabmeouevmabmtaomsaﬁer'

mm@m@,mmecmmmm,w Therefore
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b‘y"ﬁnt- The mtem:lty decreases herema' ‘and folltwe

?“,appmmate:yt"3"*m-ao<t< 100, here & 15 8eatn

*~

maapmedtnhumfrmthebeginni&gottheﬂm The decey

‘otthiseventista.starthantbatctt of the November 12

event, It appsars that the vell-crdered £ield between the sun

- solar partigles.

The irtensitles measured by the satellite during this”
pericl agree with that ¢f the NASA rocket measurements /Pavis
and Ogilvie, 1987 to within a factorr of 2. The detailad
enetiry spectra for this event were svailsble eerly in the

eitnt fran balloon squtpiemt [fey wid stein, 19617 end late in.

the evetb fyom the rockets [Tovis sod Ogllvie, 1967]. The
' lntensity enhancement fram late Novenber 20 cbserved by
| “Explover VIL has been identifisd to be associsted vith & flere

vhich started st sbout 2055 U,T, on Noverber 20 &t & solar
longitude same 120° W of the center of the solar disk

46



g_.‘amicmei ma,m,mwusm,wa;mm .
'hamﬁs@‘ Wmm&aﬁintensityenmmatr;}--
w}'abareéaoo?r*r.vqaahuhbanmmmthebemm |

Wi '. R

thesrh&mre. mmmm Jsrtha
s«b;mew&u event ves sbowt 1,800 (i opc)” e
ebaut 0130 en Hovarber 2,

For geographic latitudes north of sbout 48° ¥ at
lmhﬂumdewthepdiﬂa@s 1tiaot1ntmsttomte
the time Jntegrabed irtenetty:

6 Wov,

f J, a4t ~2 x 10/e5".

12 W,

This result may be camared to the ane-year integral of galaetic
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Part 11

ERTRY OF NON-REIATIVISTIC SOIAR
PROTONS INTO THE GEQMAGNETIC FIELD

h Intraiuctim .

Starting in 190k, Starmer and his students analyzed the
problen of the motion of & charged particle in a dipole magunetic
field /[Stormer, 1955/, and studied in detall the allowed and for-
bidden reglons for entry. Compton [T933/ pointed cut thet
contours of constant intensity of cosmic rays correlated
better vith geamagnetic latitudef; ’ fier:lved fram the dipole
approximation of the earth's magnetlc fleld, than with geo-:
graphic, However, fram an extensive study of the spatial
distribution of cosmic ray intensities, Simpson, Fenton, Katzman,
end Rose /I950] concluded that the geomagnetic coardinate
systen does not invariably provide the cbserved spatlal dis;
tribution of cosmic ray inteneities, Rothwell and Quenby
[195T] dencnstrated the existence of a close correlation betieen
anamplies in cosmic ray intensity and those of the locael
magnetic field, Thereafter, Quenby and Webber [I959/ camputed
mmericelly the vertical cut off rigidities using a sixth
order field [Finch and leaton, 1957/ and demonstrated the
excellent egreement between the observed cosmic ray equator

and the contour of the meximum cut off rigidities.

AF



k7

2, Selection of a Coordinate System
for g e Dependence
of Salar Proton gnsity.

To study the latitude dependence of solar proton intensity,

it is necessary to organize the data through a proper cholce of &
parameter to represent the latitude, In the light of the dis-

cussion in the previous section, we first adopted Quenby and
Webber's cut off rigidities as the suiteble parameter., Solar
proton intensitles observed from Explorer VII, during May and
Noverber, 1960, were plotted as a function of this paremeter,
This leads us to the followingv;ionglusim: The cbserved solar
proton intensity 13 not a single}l;mcticm of Quenby and
Webber's cut off rigidities; in fact, the intensity is seen
to vary rapidly slong e coutour of constant rigidity.

Since the solar protons arrive at high latitudes,
probebly guided by the lines of force, it appeared warthvhile
to explore the use of a parameter such as L of McIlwaln
[I9617, which characterizes the magnetic shell and 1s approsci-
mately constant along & line of force, The amnidirectional
solar proton intensity J o 1s plotted as a functicn of tinme
but is actually a function of spatial positicn in Figure 15
and Figure 16, for two passes, These correspond to the
periods 1836 U.T. to 1849 U.T. on May L and 1506 U,T. to
1518 U,T, on May 13, 1960, The figures also contalned the
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parvemeter L as & function of time, L was camputed for one
minute intervals using the IEM 7070 camputer of this University.
From Figure 15 and Figure 16, we transform J, 88 8 function of
L and these are shown in (b) of Figure 19 and (a) of Figure 23,
In & sinilar menner, Jo vs L plots were derived for &ll the
major solar proton events observed during 1960, and these are
showm in Figure 17 through Figure 27,

The most valuable date for checking the sdequacy of L as
the parsmeter for the study of the spatial distribution of
‘soler roton intensities are those of (e) of Figure 17, (c) and
(d) of Figure 18, (b) of Figure 19, (c) of Figure 22, and
(a), (c), and (e) of Figure 23. In all these cases, the data
covered a wide range of longitude and latitude and in additlon,
contained both north bound and south bound passes which ere
- indicated by T and J, respectively in the figures. It 1s
seen fraa the figures that five out of the total eight
J o V8 L plots show exactly or almost exactly the same intensity
at the same I, of north bound and south bound passes, The
differences in I of north bound and south bound passes are not
- greater than 0.2 earth radii, Although the J  vs L plots do
not coincide, nevertheless, the slopes for the L dependent
part are almost equel,

The suitability of using L as a parameter for the study

of the spatial distribution of the solar protons ie further con-

20
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firmed in Figure 19. Although each individual pass occwrred at
different longitudes, even more, at different hemlapheres,
nevertheless they show that the L dependent part of the intensity
remain fairly constant during the geamagnetic quiet period of
late lay 4, 19A0, All the J, v6 L plots from Northern Hemiw
sphere and Southern Hemisphere fall very close to each other
alonz a camon line, The sbove observat;onal results lead us

to conclude that the L parameter indeed affords a reasanable
means of organizing the data for the study of spatial distribu-
tions of solar protons st high latitudes.

It is seen that in most of the cases, the amnidirectional
salar yroton intensity for the latitude dependent part can be
expressed as ~ I° (S > 0). The value of s is fairly coustant
for one event, although no particular significance can be
attached to the exponent at present, The value of s 18
20 +2 on April 1, 10 + 1.5 en April 2629, 8.5 +1.0 on
Mayl;-'6, and 19 + 2 on November 12, 1960,

3. Measurements of I1 4 and Correlations
of I, wfth’x';, U, and H.

It 1s seen in Figure 17 throuch Figure 27 that the solar
proton intensity increases with increasing L up to certain
value of I, which 1s defined as Lyn» then the intensity remains
constant for L > Iin:Ln' Since in the mejor solar proton
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events observed during 1960 (except in April 1 event), the energy
range of solar protons indeed extended below 30 MeV (as wes
discussed in Part I), we interpret the observed J_ vs L plots

as follows: (1) The region of L < L, i1s forbidden for the
entry of solar protons with energy less than 30 MeV, (2) The
region of L, > Iinin is campletely open for the entry of solar
protons vith energy greater than 30 MeV, (3) The geamagnetic
cut off energy at r’inin should be 30 MeV corresponding to the
rigidity of 0.239 BV, which is the threshold of the 112 detectar
carried in the satellite. (4) The variation of L, 1s time
variation; in other words, the variation of Iin:l.n is caused by
the variation of the geamagnetic cut. olf with time,

The Ihin together with their geographic positions ob=
served during 1960 are tabulated in Teble III. The table shows
that I‘min varies fram 3.52 to 5.30 corresponding to the invarient
latitude, 57.8 degrees to 64,3 degrees respectively, where the

invariant latitude A is defined by A = arc cos L'l/ 2. The

min
6.5 degrees, The error in L , due to incertainty in reading

differences in the A between the maximm and minimm I, , eare

fram JQ vs L plots is estimated to be less than 0.2 earth
radii, hence the difference of 1.70 between the observed
maxirmy and minimm value of Ii i cannot be due to thlis error.

It is vorthvhile to mention that Dhavsar [I961] estimated

Sa_
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TABLE II1
MEASUREMENTS OF L_, DURING 1960 WITH EXPLORER VII
Time Duration Time at L Geographical Position of the| L N
of Satellite (U.1.) m Satellite at L min
Pass (U, T.) tee min Farth
. Radii
Long. (deg) | Lat.(deg)| Alt.(Km]

April 28 (1912-1921)] 1915: 00 +129,7 ) 968,5 3,82
(2059-2107)] 2104: 00 +141,7 =50, 4 851.4 5,05
(214h-2152) 2146: 20 -81.4 +47,0 695.5 4,26
(2326-2339) 2329: 00 -99,8 +48,7 16,7 4,10

2337: 30 =55.7 +47.5 854,1 4,05

April 29 (0109-0122)‘0111: 30 -118.8 +49,7 736.2 3.52
(1854-1859)] 1857: 55 +159.,2 ~50, 4 803,3 | 4.36
(2035-2044)] 20k2: 30 +151,2 -49,7 838.9 4 47
(2123-2130) 212k 00 <76.7 +48,0 694.5 | 4.56

' 2128: 30 ‘52. 9 +5'ol 5 76ho 9 "f, 60

April 30 (0049-0057)} 0050: 20 -107.3 +50.5 753.6 L, 24
0055: 45 -79,5 +47.2 841,3 4,40

May & (2025-2032)| 2027: 30 +128.4 49,7 916.8 5.30
May 5 (1817-1823)| 1821: 35 +147.5 ~50,3 952.1 4,90
(2000-2007)} 2005: 4O +136,2 -48,7 909.2 4,72

May 6 (1839-1845)| 1841: 00 -76.1 +46,8 608.5 4,20
(2021-2030) 202L4: 0O -92.6 +48.9 626.8 4,540

May 7 (1729-1738)| 1736: 00 +153.,5 -50,0 966.7 4,50
(1916-1921) 1918: 15 +132,4 -49,3 951.9 5.05
(2000-2004)j 2002: 10 -84,7 +49,9 632.1 4,95
(2100-2104)4 2101 32 +117,1 47,4 922.8 4,60
(2143-2152)) 2146: 00 -95.7 +50,3 663,5 4,70

2148: 50 ~80.5 +48,6 702.4 4,70

May 13  (1506-1518)} 1510: 00 +127.6 -48.3 1082.9 4,89
. 1514: 10 +147.6 -50.3 1056.7 | 5.00

(1652-1701)} 1658: 10 +135.8 -49,6 1031.0 5,14
(1839-1843)f 1841: 00 +117.9 48,3 10135 4,95

Sept., 4 (0334-0338)} 0337: 00 -9k, 2 +50,0 563,1 4,61
(2254-2302)1 2256: OO +130,3 45,8 1078.8 4,12
(2345-2349){2346: 30 -66.5 bl 4 78,8 | 3.65

Sept, 5 (012€6-0129); 0127; 55 -91,2 +44,9 578.4 3.55
(0225-0234)] 0232: 15 +142,7 Uk, 7 1061.0 3.65
(0310-0315){ 0312: 00 102, 4 +48,8 566.5 3,95

Sept, 6 (0248-0252)] 0249: 20 -97,1 +49.5 567.1 4,32
Nov, 22 (0017-0023) 20 +121,2 -47.9 715.1 4,62

0021:
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fram the neutron and gammaeray-production by protons in the
atmosphere that the protons with enexgy greater than 40 MeV
are alloved to arrive et Minnespolis (L = 3.26) during the
main phase of a magnetic storm, that is LO MeV protons can go
down to at least L = 3.26, Bhavsar’s results indeed support
our result that 30 MeV protons can reach down to at least

L = 3.53 under certain conditioms.

Sincer the variation of Iinin is 'bélieved to be the variae
tions In L at which the geanég;netic cut off energy is 30 MeV,
it should be possible to find the quantitative dependence of
Iinin on sane parameters which can describe the degree of
geamagnetic disturbances. The dependence of I!nin on 1% index
is shom in Figure 28 and that on U and H are shown in
Pigure 29 and Figure 30, respectively, where U ls the Kertz
parameter [I958/ vhich gives a measure of the equatarial
ring current and H is the hourly mean of horizontal caponent
of the geomegnetic field (at Tucson), It is seen that there
are reasonable correlations. The correlation coefficient for
Lyp Vs Uis -0.88 and that of L , vs His +0,88, These
correlations can be accepted with confidence since the data
covered 25 observational points and vere taken from the eight
major solar proton events observed by Ixplorer VII during 1960,
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The relation of Itnin and U can be represented by the equation
Ly, = 5.81~0.013:70

and thot of Iinin end His
Ly, = 2.6 +0.015 H

The base value of the horizontal campanent at Tucson 1s taken
arbitrarily to be 25,750 gammas. It should be mentioned that
Iin:ln does not correlate any better with the instantaneous
horizontal component of the geomagnetic fleld cbserved at

Tucson than with the hourly mean,
h, Discussion,

The result shown in Figure 29 indicates that
Ihin = 4.7 - 5.3 at U = 50 gammas, If we continue our discussion
with the equation L, = 5.81L - 0,013% U then Lin 5.1l
at U S 50 gammas which is the value of U at a relatively
geamacnetic quiet period. If the velue U = O is taken to be
the ebsolutely quiet period then L, = 5.81 (extrapolated).

One can campare the measured value of I‘inin by the
satellite and the theoretlcally calculated gecmagnetic cut off,
Difficulties might arise however, because the theoretically
camputed cut offs always refer to the vertical cut off at the

ground vhereas Ii y is meesured by an aunidirectionsl detector
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at the altitude range 550 km to 1100 lm. Now at high L, the
cut off rigldity is indeed a function of the direction of the
incident protons, but the change in rigidity from the vertical
is less than 15% at L = 3.5 and 105% at L = 5. In addition
the vertical cut off alang L in the altitude range of O to
1000 Im is almost exactly the same /[Sever and Lin, private
cammnication, 1963/. Therefore, according to the discussions
above, the vertical cut off energy on the earth's surface at
L= Iin:Ln should be abaut 30 MeV as obsexrved by the satellite.
In Teble IV, the cbsexved L , at U= 0, U= 50 gammas, and
U = 170 garmas are shown together with the vertical cut off
rigidities camputed by Quenbdy and Venk /19627 using & sixth
arder field. B

The Quenby and Wenk vertical cut off rigidities are
taken fra: Figure 31, in which the magnetic shell parameter L
was cauted and the vertical cut off rigidities were talzen
fram the teble of Quenby and Wenk /I968/. Values were taken
for 2.5 derrees interval in letitudes and 5 degrees interval
in longitudes for the region over Australia and that over
North America as indicated in the seme figure.

According to Teble IV the observed cut off rigldity
R, =0,239 BV at L = 5,81 for U = O and the Quenby and Wenk

ob ,
cut off rigidity, wa = 041 to 0,47 BV at the same L.

5%
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TABIE IV

Ry Observed Cut Off | R, Camputed Cut Off | p
Rigidity in BV Rigidity in BV ﬁﬂ
(Explorer VII) (Quenby and Wenk) ob
L=3.544 0239 (U=1707%) 1,15 to 1.25 ~ 5
L=50k{ 0,23 (U= 507) 0.53 to 0.60 ~ 2.3
L=58140239 (U= 0 ) 041 to 047 ~ 1,8
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This ylelds the ratio,

R
-éﬂ a~ 1‘8’
ob

at L = 5,81, Tt is obvious that there exists a disagreement
between the cbserved cut off and that of Quenby and Venk, If
we consider U = 50 gammas to be the velue of U for a quiet
period, then

-:;Qi ~ 2,3 at L=5,14,

ob

During & negnetically disturbed perlod of U = 170 gammas,
qu/R 5 v Oe

The effect on reducing the geomegnetic cut off by the
existence of westward ring current encircling the earth has been
discussed by Rey [I956] using e filament type model ring cwrrent
and by Kellogg and Winckler /1961 using e spherical shell type
model ring current, If we assume that the observed reduction
of the geauagnetic cut off 1s due to the effect of a ring
current alone then the spproximate magnetic mament of the
ring current can be camputed fram the formula /Kellogg and

Winckler, 1961/
qw

g
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where l-IRandMEarethemagnetic moments of the ring current
and that of the earth respectively. Accarding to the formula,
it 1c required that M, = 0,8 My for the sbsolute quiet period,
that is to say, there exists a quiet ring current with

Mg = 0.8 My, For U= 50 7 and 170 7, 1"3"1’3’%“”“‘"‘3
are required in order to explain the observatiomal cut offs.
Bowever Akasofu and Iin [TI963/ showed that it is unlikely %o
be true that there exists a ring cwrrent with Mp > M, because
of the linditation in the particle mumber density in the model
ring current belt, Recent satellite cbservations (Explarer XIT)
showed that the geamegnetic field is confined within an
approximate sphere with a radius of about 10 earth radil
[Cehill and Amazeen, 1962]. Therefore it 1s believed that
the observed anazaly in the cut off will be well explained

by the combined effect of the ring current and the limitetion
of the geomagnetic field /Akmsofu, Lin, and Van Allen, 1963,
to be publiched/.
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FIGURE CAPTIONS

1. Charactefistic curves of apparent vs true counting
rate (counts/sec) of Anton 112 Geiger counter,

2. Counting rates registered by 112 and 302 Geiger
counters at the highest available latitudes during

quiescent (non-solar event) times,

3. Counting rates registered over North America by 302
gnd 112 Geiger counters in Explorer VII on November 18,1959,

L, Counting rates registered over North America by 302
and 112 Geiger counters in Explorer VII on April 27-28, 1960,

5. Counting rates registered over North America by 302
and 112 Geiger counters in Explorer VII on April 28 (after
the flare on April 28), 1960.

6. Counting rates registered over North America by 302
and 112 Geiger counters in Explorer VII on April 29, 1960,

7. Counting rates registered over North America by 302
and 112 Geiger counters in Explorer VII on April 30, 1960,

8. Time history of corrected rate of 112, N3i,, during
January 1-24, 1960,

9. Time history of corrected rate of 112, N*¥_, during
March 23-April 15, 1960,

10, Time history of corrected rate of 112, N**_, during

112°
April 25-May 15, 1960 (PCA data, Leinbach, 1960),
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FIGURE CAPTIONS (continued)

11, Time history of corrected rate of 112, Niiz, during
May 17-June 9, 1960.

12, Time history

of corrected rate of 112, Niia, during

August 2-August 25, 1960,

13, Time history

of corrected rate of 112, Niiz, during

August 26-September 18, 1960,

14, Time history

of corrected rate of 112, NiiZ' during

Noveuber 12-November 30, 1960,

15, The omnidirectional solar proton intensity observed
over Australia during 1836-13k9, May &, 1960.

16, The omnidirectional solar proton intensity observed
over Australia during 1506-1518, May 13, 1960,

17. L dependence
intensity observed
A;ril 29, 1960,

18, L dependence

 intensity observed

Figure

Figure

April 30, 1960,

19, L dependence
intensity observed

20, L dependence

intensity observed

of the omnidirectional solar proton

during late April 28 to early

of the ommidirectional solar proton
during late April 29 to early

of the omnidirectional solar proton
on May 4, 1960,

of the omnidirectional solar proton
on May 5, May 6, and November 22, 1960,
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FIGURE CAPTIONS (continued)

21, L dependence of the omnidirectional solar proton
intensity observed during 1500 U,T,.-1930 U,T.,

May 7, 1960,

22, L dependence
intensity observed

M 7' 196()'

23, L dependence

intensity observed

24k, L dependence
intensity observed

25. L dependence

intensity observed

26, L dependence

intensity observed

27. L dependence

intensity observed

also on April 1, 1960,

28, Dependence of

of

the ommidirectional solar proton

during 2000 U,T,-2200 U,T.,

of

on

of

on

of

on

of

on

of

on

Lmin

29. Dependence of L

min

the omnidirectional solar proton
May 13, 1960.

the ommidirectional solar proton
September 3 and September L, 1960,

the omnidirectional solar proton
September 5 and September 6, 1960,

the omnidirectional solar proton
November 12, 13, and 14, 1960,

the omnidirectional solar proton
November 15, 16, and 17, 1960;

on K .,
P

on U,

30. Dependence of Lmin on H,

31, Relation between R, Quenby and Wenk's cut off
rigidity and L of McIlwain.
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